Abstract. We have developed a combustion analysis technique for sediments which measures the amount of 02 consumed by the reduced species. We have measured this quantity, which we call "combustion oxygen demand (COD)," on a carbonate-rich sediment core from the Ontong-Java Plateau in the western equatorial Pacific back to marine oxygen isotope stage 11. The precision of the COD technique is +6.3 gmol 02 g-l, which corresponds to -+0.0076% wt Col-g, 
Introduction
In this paper we present a method for characterizing sediment chemistry based on measuring the total amount of oxygen consumed upon complete combustion of the sediment per unit mass of sample. This quantity, which we call combustion oxygen demand (COD), measures the amount of reduced materials in the sample which are oxidized under the conditions of combustion. This includes organic carbon as well as any other reduced components such as sulfides and reduced iron and manganese. We apply our technique to a high-carbonate sediment core from the Ontong-Java Plateau spanning the last -400 kyr. The application of traditional organic carbon measurement techniques is problematic in high-carbonate cores because of the difficulty in distinguishing a small amount of organic carbon from the large inorganic carbon background [Hedges and Stern, 1984] . The COD method is advantageous because the separation of organic and inorganic carbon is unnecessary (the pyrolysis of carbonate does not consume 02). We argue that in these sediments, organic carbon is the dominant contributor to oxygen demand.
The high-carbonate sediments on the Ontong-Java Plateau provide us with an ideal location in which to apply the combustion oxygen demand technique. Much of the seafloor beneath the tropical oceans consists of carbonate-rich (>80% wt CaCO3) sediments, and many of these regions have been targeted by deepsea drilling projects to retrieve samples which have been used to obtain detailed stratigraphic records of the isotopic content of benthic and planktonic foraminifera and to examine preservation and accumulation cycles in calcium carbonate [Shackleton and Opdyke, 1973; Berger et al., 1993a] . Notably lacking in many high-carbonate regions, however, are detailed records of sediment organic carbon content, which, although generally present in very 
Methods and Samples
The COD method utilizes a paramagnetic oxygen analyzer connected downstream from an oven in which the sample is combusted. The experimental setup is shown in Figure 2 . The sample is dried, weighed, and burned in an air stream flowing at a measured rate in a quartz tube heated to 950øC. The exhausted air is run through a liquid argon cold trap (87.5 K) to freeze out water vapor, CO2, and other trace gases (but not 02) and then passed through a Siemens Oxymat 5F 02 analyzer which records the 02 mole fraction. The "depletion peak" of the 02 concentration caused by the combustion is integrated over the duration of the combustion and multiplied by the flow to yield the total moles of from 2547 m water depth, which is above the present-day lysocline at 3400 m. The core was analyzed at 5 cm intervals corresponding to a time resolution of 2-3 kyr, close to the limits allowed by bioturbation. In order to better resolve trends through the Holocene, which is largely missing from the piston core, samples were also analyzed from box core ERDC 112Bx (1ø37'S, 159ø14'E and 2169 m water depth) at I cm intervals to a depth of 38 cm (which corresponds to an age of -•15 t4C ka). The box core was analyzed using solid benzoic acid standards for calibration of the COD instrument before the calibration was improved using KHP standard solutions, and the precision was estimated to be +21.6 lamol 02 g-• corresponding to -+0.026% wt C(,..g. (Globigerinoides sa('culifi'r) in piston core RNDB 74P fi'om the OntongJava Plateau presented in Figure 3 . The analysis was performed with unfiltered data sets. Ages were assigned for both data sets by fitting them to the age •nodel for ODP Hole 806B [Berger, 1996] and interpolation. 195 data points were used in each analysis with a sampling interval of 4 kyr.
Results and Discussion
Graphs show variance spectra as spectral density ((j2f4, where o 2 is variance and frequency.! is ! per period) against frequency (not plotted to the Nyquist fi'equency as spectral densities at frequencies higher than those plotted were very low) and period at 60 lags (solid line) and 10 lags (dotted line)..Spectral density is plotted on a logarithmic scale. The 80% confidence limit and bandwidth for the variance spectra are given in the upper right and left of the graphs, respectively. The low-lag spectra provide a baseline against which the significance of peaks in the high-lag spectra can be assessed. Significant peaks occur at 100 ky!' for both data sets and 23 kyr in the COD time series. The 23 kyr peak is not significant at the 80% confidence limit in the fi•80 time series and could be placed over the range 21-26 kyr, and is •narkedly stronger and narrower in COD. Figme 5c shows the coherency ouput fi'om a cross-spectral analysis (Blackman-Tukey method) of Figures 5a and 5b (60 lags) . The 80% cohelency significance level is indicated by the horizontal line. Coherency between two time series can be assigned when both series exhibit significant spectral peaks that are coherent with a significant peak in the coherency function.
by global ice Volume and, to a lesser extent, with local sea surface temperatures (SST). In the COD time series there is a pronounced signal at the precessional period of 23 kyr, which was found to be significant at the 95% confidence limit. In the •5•80 a small signal can be detected at this period, but it is not significant even at the 80% limit. (Both multitaper and Blackman-Tukey methods [Yiou at al., 1996] were applied to the two data sets). The variations in COD we detect could either be driven by changes in the amounts or types of organic material delivered to the seafloor from the surface waters or by changes in the deep water environment that affect preservation. One possible deep water mechanism that may cause changes in the sediment organic matter content is changes in the amount of CaCO3 preserved in the sediment driven by changes in deep water CO32-concentration. Carbonate dissolution is higher during interglacials [Wu and Berger, 1991 ] which, by concentrating the residual sediment constituents, would tend to increase the oxygen demand signal and organic carbon weight percentage during interglacial conditions. In fact, we see the opposite. In addition, the constancy of the sedimentation rate (see below) does not allow for great enough fluctuations in calcium carbonate weight percentages to cause the factor of 2 changes in COD values that we observe. It is also possible that changes in deep water temperature or dissolved O2 could produce changes in deep water metabolic activity, although it is hard to imagine how the changes could have been large enough to cause the observed variations in oxygen demand without producing pronounced features in other paleoceanographic records in the western equatorial Pacific. We conclude therefore that the observed variation in COD cannot be driven by changes in bottom water environment.
Considering possible changes in surface water export, a mechanism which could be driving the COD signal is variations in nonorganic particle fluxes from the surface waters (dilution). The calculated sedimentation rates for the Ontong-Java Plateau are remarkably constant over the last 400 kyr, varying between 1.85 and 2.1 cm kyr -• [Berger, 1994] . This represents a maximum variation of a factor of just 1.16 over the course of the presented COD record and indicates that variations in COD are not primarily controlled by variations in the dilution of organic matter.
Another possible surface water mechanism is changes in the export of organic matter from the surface waters to the seafloor affecting the amount of organic matter ultimately_ preserved in the sediment column. Organic matter export rates could change in association with changes in population abundances or changes in the amount or type of organic matter associated with a particular species. Although conclusive proof is lacking, we believe this the most likely mechanism. Additional support for this mechanism is provided by similarities in COD data with benthic foraminiferal abundance from the Ontong-Java Plateau (S. Burke, personal communication, 1996), which has been correlated to the organic carbon flux arriving at the seafloor Berger, 1991, 1994 
Summary
We have described a chemical analysis technique for the study of deep-sea sediments, which records the total amount of oxidizable species in the sediment sample, and applied it to carbonaterich sediments on the Ontong-Java Plateau in the western equatorial Pacific. This variable, combustion oxygen demand (COD), is dominated by the organic carbon content in such sediment types, precise measurement of which is difficult with conventional techniques. The COD method provides a better signal-to-noise ratio than most other lithological measurements that have been made in these sediments. We have demonstrated large changes in COD over the last 400 kyr on the Ontong-Java Plateau, with at least a doubling of oxygen demand during glacials as compared to interglacials. We conclude that such variations in COD in these sediments are caused by changes in the amount or types of organic matter exported from surface waters, suggesting that changes in organic carbon export similar in magnitude and timing to those previously inferred in the central and eastern equatorial Pacific in the late Quaternary also took place in the western equatorial Pacific. The COD record displays strong Milankovitch forcing, including marked forcing in the precessional frequency band. This is the first data set from the region to show such precessional structure in the late Quaternary, indicating that the organic carbon signal here may be controlled by the responses of low-latitude climate processes to astronomical forcing. The COD measurements imply that the West Pacific Warm Pool may not have been a stable feature during the late Quaternary.
We have demonstrated here the usefulness of the COD method in carbonate-rich sediments; the method may also be useful for characterizing more organic carbon-rich sediments. The COD apparatus could be employed as a shipboard instrument, which might allow analysis prior to any oxidative degradation of highly reduced sediments since it is quick and fairly insensitive to vibration.
